Abstract. Photodynamic therapy (PDT), an approved anticancer treatment, is reported as a potent inducer of programmed cell death (PCD) by both apoptosis and autophagy. The present study investigated the kinetics of both autophagy and caspase activation in MCF-7 cells submitted to mTHPC-PDT upon condition of treatment promoting ER accumulation of mTHPC. Fluence-dependent immediate cytochrome c (cyt C) release followed by caspase-9 and -7 activation at 1 h post-PDT evidenced a mitochondrial oxidative stress triggered by high light doses leading to >90% of cell death. ER oxidative stress was monitored by the induction of the glucose-related protein chaperone GRP78. From 6 h post-PDT, GRP78 induction was accompanied by the conversion of LC3-I into LC3-II, the hallmark of autophagosome formation. The formation of acid vesicles evidenced by fluorescence microscopy was obvious from 22 h post-PDT. Twenty-four hours post-PDT, cyt C release decreased and caspase-9 cleavage disappeared, while the expression of cleaved caspase-7 remained significant. At the same time, the profiles of GRP78, cleaved caspase-7 and LC3-II expression were similar irrespective of light doses. In contrast to an inhibitor of caspase activation Z-VAD-FMK, the use of autophagy inhibitor, Wortmannin, impaired cytotoxicity along with an increase in caspase-7 activation. These results demonstrate a valuable contribution of autophagy to cell death in mTHPC-photosensitized MCF-7 cells.
Introduction
Photodynamic therapy (PDT) has been approved as a treatment modality in various cancerous and non-cancerous lesions (1) . The direct cytotoxic effect of PDT is the result of lightinduced generation of reactive oxygen species (ROS), which cause irreparable damage in a close proximity of their generation, eventually leading to apoptotic and/or necrotic cell death (2) . PDT is known as a potent inducer of apoptosis in many types of cells (3) (4) (5) . Recent evidence indicates that the second type of programmed cell death (PCD), namely autophagy, may be induced by PDT (6) (7) (8) (9) (10) . Autophagy is developed by cells into an attempt to repair and survive photodamage to key organelles but could be turned into a cell death signal if initial response fails (9, 11) . Autophagic cell death is a process including lysosome-dependent protein degradation and organelle turnover characterised by highly-vacuolated cells. It starts with the formation of a double-membrane structure that wraps cytoplasmic components as well as organelles, to shape vacuoles called autophagosomes (reviewed in ref. 12) . This type of cell death can occur in case of sustained oxidative stress produced in mitochondria (13) (14) (15) (16) or endoplasmic reticulum (7, 17) . In most cases, autophagic cell death has been reported to be an alternative cell death pathway in cells with defects in factors that mediate apoptosis (reviewed in refs. 9, 18) .
Following PDT, autophagy has been demonstrated to be an alternative cell death pathway in Bax/Bak-deficient cells (7, 8, 10) . Inactivation or photodamage of Bcl-2 was also reported to increase autophagy induced by PDT (10, 19) . However, although autophagy was enhanced when apoptosis was impaired, Kessel et al have reported that autophagy accompanied apoptosis in photosensitized leukaemia cells (8) . Recent observation of Sasnauskiene et al (20) also demonstrated both cell death modalities after mTHPC photosensitization of squamous carcinoma monolayer cells upon the condition of mTHPC diffuse localisation. Our previous studies (21, 22) established that endoplasmic reticulum (ER) is one of the preferential sites of mTHPC (Foscan ® ) localisation especially after an extended time of contact (24 h) of the photosensitizer with cells (21) . Upon this condition, PDT promoted ER oxidative stress whose intensity corresponded to the extent of caspase-7 activation in caspase-3 deficient MCF-7 cells (21) . The present study investigated autophagy and apoptosis induction in MCF-7 cells subjected to mTHPC-based PDT. With this goal we defined the schedule of both caspase activation and autophagosome formation in relation to oxidative stress in ER and mitochondria. Finally, their respective impact on photo-induced cell death was assessed. ) FBS and added to the cell culture to reach the final concentration of 1.5x10 -6 M. After 24 h of incubation, cells were washed and subjected to a red laser light source (650 nm) (Spectra-Physics Lasers, Mountain View, CA, USA) at fluence ranging from 0.01 to 0.04 J.cm -2 , corresponding to lethal doses (LD) from 85 to 95%, as was shown previously by clonogenic assays (21) . When the use of apoptosis or autophagy inhibitors was required, they were added to the exponentially growing cell culture 30 min before irradiation and maintained in contact with cells until analysis. A 10 -2 M stock solution in DMSO of the caspase inhibitor Z-VAD-FMK (BD Biosciences, Le-Pont-de-Claix, France) was added to the medium of control and PDT-treated cells to the final concentration of 2x10 -5 M. To study the effect of autophagy inhibition, Wortmannin (Sigma-Aldrich, Saint Quentin Fallavier, France) was dissolved at 10 -3 M in DMSO and added to cells at a final concentration of 2.5x10 -7 M. Likewise, the lysosome-neutralizing agent NH 4 Cl (VWR, Fontenay sous Bois, France) was prepared at 10 -2 M in water, adjusted to neutral pH and filtered before being used in the experiments. Western blot analysis. Protein concentration was determined by the DC Protein Assay from BioRad (Marnes-la-Coquette, France). Equal amounts of protein were loaded onto appropriate polyacrylamide gels (SDS-PAGE), subjected to electrophoresis, transferred to a PVDF membrane (GE Healthcare, Orsay, France). After blocking with a 5% (or 10% in the case of LC3) w/v solution of non-fat powered milk in TBST (pH 7.6), the membrane was probed with designated first antibody overnight at 4˚C, followed by a 1-h incubation with a horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature. Antibodies used were the rabbit anti-LC3 antibody (Novus Biologicals, Littleton, CO, USA), the rabbit anti-cleaved caspases-7 and -9, purchased from Cell Signaling (Danvers, MA, USA), the mouse anti-Bip/GRP78 (BD Biosciences), the mouse anti-cyt C (BioLegend, San Diego, CA, USA) and the rabbit anti-tubulin (Santa Cruz Biotechnology, Santa Cruz CA). The mouse anti-cleaved PARP antibody was provided with an extract of Jurkat cells treated with camptothecin as a positive apoptotic control (BD Biosciences). The anti-mouse and anti-rabbit secondary antibodies conjugated to HRP were both obtained from Cell Signaling. Tubulin antibody was used as an internal protein loading control. The immune complexes were detected by enhanced chemiluminescence system (GE Healthcare, Orsay, France) and revealed by autoradiography. The band density was quantified using the ImageJ software and normalized to that of the control group.
Materials and methods
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Fluorescence microscopy for visualisation of MDC-labelled
Semi-quantification of autophagy.
One of the hallmarks of autophagy is the conversion of the microtubule-associated protein-1 light chain-3, LC3-I into LC3-II, which participates in the formation of autophagosomes and is associated with their structure after processing (23) . The ratio LC3-II/LC3-I is a sensitive index of macroautophagy and is an easy and quick semi-quantitative method for monitoring its regulation (24, 25) . Semi-quantification of the ratio LC3-II/LC3-I/tubulin was performed using ImageJ software and normalised to that of drug control (NL). To inhibit hydrolysis of LC3-II by lysosomal proteases, incubation buffers were supplemented with a combination of 10 mg/ml protease inhibitors E64d and Pepstatin A. Inhibitors were prepared in DMSO at concentration of 10 mg/ml each. Inhibitors were added to cell media 30 min before irradiation and remained in the growth media for 24 h. , leading to 85, 90 and 95% of mortality respectively, as previously determined by clonogenic assays, were trypsinized and dispensed in 96-well plates at a density of 10 4 cells per well, with or without inhibitors. After 24 h of culture, cytotoxicity was measured using a tetrazolium salt MTT (Sigma-Aldrich). Resulting crystals were dissolved with 20% sodium dodecyl sulfate (SDS, Sigma-Aldrich). The absorbance value was measured using a plate microreader (MultiSkan MCC 340, Labsystems, Cergy-Pontoise, Val d'Oise, France). The toxicity data for cells exposed to inhibitors were normalized to that of the corresponding drug control. Data are the mean ± SD of the results of at least three independent experiments.
Statistical analysis. The data were expressed as means ± SD (standard deviation). Mann-Whitney's U-test was performed using Statview 5.0 software and significance was assumed at p=0.05.
Results
Post-PDT kinetics of autophagy in MCF-7 submitted to mTHPC-PDT.
To ascertain the induction of autophagy by mTHPC-PDT, fluorescence microscopy analysis was performed using the MDC at different times after PDT dose leading to 85% of cell death (LD 85 ). MDC, which marks acidic organelles (26), could be also used for imaging of enhanced lysosomal activity and lysosome-autophagosome fusion products visualized as distinct dot-like structures according to the method of Biederbick et al (27) . The eventual interference between mTHPC and MDC fluorescence was investigated. Although the technical datasheet refers to no overlap between the spectra of mTHPC and that of MDC, we have verified that spots of MDC fluorescence did not correspond to mTHPC fluorescence (data not shown).
Control cells showed mainly a uniformly diffuse distribution of MDC supporting that mTHPC alone did not induce autophagy (Fig. 1) . PDT-treated cells were examined at 1, 6, 18, 20, 22 and 24 h after irradiation. MDC fluorescence pattern at 1 h post-irradiation ( Fig. 1 ) along with time points until 22 h was not significantly different from control cells (data not shown). On the contrary, in long-term incubation, the punctiforme spots of MDC (arrows) were increasingly distributed in the cytoplasm or in the perinuclear regions (Fig. 1) . The analysis of fluorescence intensities indicates that there was approximately a two-fold increase in the fluorescent bright dots at 22 h compared to 1 h post-PDT. The fluorescence intensities measured in 10 cells increase from 5.16±3.28 (AU) in control cells to 13.74±6.34 (AU) at 1 h post-PDT and 29.89±12.36 (AU) at 22 h post-PDT.
The addition of lysosome neutralizing agent NH 4 Cl led to a drastic reduction in MDC punctual formation with a decrease to 12.77±2.35 (AU) in fluorescence intensity in photosensitized MCF-7 cells compared with cells treated by mTHPC-PDT alone (Fig. 2) . The presence of Wortmannin, a potent phosphatidylinositol (PI3-K) inhibitor that blocks autophagy at an early stage (28) , also resulted in a diffuse intracellular distribution of MDC (Fig. 2) , with a fluorescence intensity reduced to 14.93±3.98 (AU). 
Kinetics of caspase activation and autophagy induction in relation to ER and mitochondria photooxidative stress.
MCF-7 cells were treated with increasing fluence inducing 85, 90 and 95% mortality and then processed at different times post-irradiation (from few minutes to 24 h) (Fig. 3) . ER oxidative stress was evaluated by GRP78 induction, a stress-associated ER resident protein and by the loss of cytochrome C from mitochondria into the cytosol. The activation of post-mitochondrial events, represented by the expression of cleaved caspases-9 and -7 was investigated. We also assessed the conversion of the protein LC3-I into LC3-II, one of the hallmarks of autophagy.
Immediately after cell photosensitization, notable changes were observed only for the loss of cytochrome C at the highest light dose (LD 95 ). Compared to control cells (non irradiated), the expression of cyt C decreased about 2-fold (established with ImageJ software, data not shown). At 1 h post PDT, cyt C loss was more pronounced (10-fold at LD95 as compared to NL, data not shown) and was accompanied by a dose-dependent activation of both caspases-9 and-7. Caspase-7-cleavage was further increased at 6 h post-PDT, especially for the two highest lethal doses (LD 90 and LD 95 ). The cyt C release and activation of caspase-9 were diminished in comparison to 1 h after PDT. Six hours post-PDT also resulted in an upregulation of GRP78 for all the light fluences, from 1.3±0.2 to 1.5±0.4-fold as compared to the control. A significant overexpression of LC3-II, 3.5±1.1-fold as compared to the control (p<0.05), was observed at LD 85 whereas the LC3 conversion remained low when fluence increased. It should be noted that the lowest level of LC3-II expression at LD 95 coincided with the highest expression of cleaved caspase-7. The measurements carried out 24 h post-PDT confirmed the further diminution of the cyt C release and caspase-9 activation, already observed at 6 h post-PDT. This decline was accompanied by a decrease in cleaved caspase-7 expression at high light doses. However, caspase-7 remained at a significant level of expression (~7.45±3.1-fold as compared to control) whatever the fluence applied. At the same time, we observed an increase in GRP78 and LC3-II expressions irrespective of the fluence applied (respectively 3.67±1.08 and 5.5±0.61-fold as compared to the NL). Since LC3-II can be itself degraded by autophagy, two protease inhibitors, E64d and Pepstatin A, were used to partially inhibit degradation of LC3-II. The presence of protease inhibitors did not affect the photo-induced increase in LC3-II at 24 h post-PDT (data not shown), thus pointing out LC3-II degradation blockade.
Effect of the caspase inhibitor Z-VAD-FMK on the expression of cleaved caspases-9 and -7, LC3-II and cell viability.
We verified the inhibition of the proteolytic cascade by using a broadly selective caspase inhibitor, Z-VAD-FMK that irreversibly binds to the catalytic site of caspase proteases and inhibits apoptosis. In presence of the latter (20 µM from 30 min before PDT to 6 or 24 h post-PDT), the absence of cleaved caspase-9 and -7 expression was confirmed irrespectively to the fluence applied ( Fig. 4A and B) . Cells preloaded with Z-VAD-FMK displayed the persistence of autophagy especially at the lowest light dose (LD 85 ) while LC3-II expression decreased with light doses (Fig. 4C) . We also noted that 24 h cell incubation with Z-VAD-FMK produced an intensive accumulation of LC3-II in non-irradiated cells. Suppression of caspase activation by adding Z-VAD-FMK slightly decreased photocytotoxicity, assessed by MTT test 24 h post-PDT (Fig. 4D) . The percentages of dead cells in the presence of Z-VAD-FMK were respectively 59.71±23.15% (0.01 J.cm -6 M mTHPC and irradiated at various fluences of red laser light. Protein expression was assessed by immunoblotting for GRP78 on ER and for all other proteins on whole cell extracts (as described in Materials and methods) over a 24-h time-course. Control cells (NL) were subjected to mTHPC only (drug, no light). Tubulin was used as a loading control.
Effect of the autophagy inhibitor Wortmannin on the expression of cleaved caspases-9 and -7, cleaved PARP, LC3-II and cell viability.
As expected, in the presence of Wortmannin, LC3-I and LC3-II were barely detectable in protein cell extracts, indicating that LC3 conversion was inhibited at both times post-PDT (6 and 24 h) (Fig. 5A) . At 6 h post-PDT, the activation of cleaved caspases-9 and -7 in the presence of Wortmannin was shifted to the lowest light dose (Fig. 5B and  C) showing an increase in the expression of cleaved caspase-9 and -7 at LD 85 . Considering that PARP is a highly specific substrate for caspase-7, we further tested PDT-induced PARP cleavage. The dose-response profile similar to caspase-7 expression was registered for PARP either in the absence or in the presence of Wortmannin (Fig. 5D) , thus indicating the actual activity of caspase-7. Twenty-four hours post-PDT, low expression of cleaved caspase-9 was observed at LD 90 and LD 95 without notable modification in caspase-7 expression and PARP cleavage (Fig. 5B-D) . The presence of Wortmannin resulted in a significant decrease (p<0.05) in photocytotoxicity whatever the fluence applied (Fig. 5E) . The percentages of cytotoxicity were 41.07±11.86% at 0.01 J.cm -2 , 46.45±7.88 at 0.02 J.cm -2 and 42.72±1.74% at 0.04 J.cm -2 .
Discussion
Apoptosis and autophagy are types of PCD, which is an attractive tool to eliminate damaged and/or harmful cells, such as cancer cells in the course of radio-and chemotherapy. Numerous pieces of evidence indicate that cells preferentially die by apoptosis but, a defect in apoptosis may result in the induction of autophagy as an alternative cell death pathway (reviewed in ref. 29) . Consistent with this observation, prominent autophagy was observed in caspase-3 deficient MCF-7 cells (9,10) and in Bax/Bak lacking cells (7, 8, 10) submitted to lethal PDT doses. However, PDT-induced autophagy was demonstrated even in apoptosis prone cells and as such autophagy is a common phenomenon (8, 10, 20) . Our earlier studies showed that mTHPC-PDT is a moderate inducer of apoptosis in cultured tumor cells as well as in xenografts (30,31) . The present study demonstrated an appearance of distinct dots staining with MDC in mTHPC-photosensitized MCF-7 cells (Fig. 1) . MDC staining must be interpreted with caution since MDC was described as a non-specific marker, which labels the acidic compartments comprised of late endosomes and lysosomes that have been freshly fused with autophagosomes (26) . However, vanishing of the punctuate labelling in the presence of Wortmannin (Fig. 2) can be taken as a strong indication of mTHPC-photoinduced autophagy process.
The conversion of LC3-I to the autophagosomal membranebound form LC3-II is now widely used to monitor autophagy (23) . Likewise, compared to LC3-I, LC3-II is more sensitive to immunoblot analysis as has been demonstrated in the study of Klionsky et al (32) . Cells submitted to the lowest PDT-dose (LD85) displayed significant LC3-II expression but not pronounced cyt C release and caspase cleavage (Fig. 3) . The achievement of the autophagic process in an absence of apoptosis was supported by the maintainence of LC3-II expression in presence of Z-VAD-FMK while caspases-9 and -7 cleavage was completely blocked (Fig. 4A-C) . These results are in agreement with previous reports on PDT-treated cultured tumor cells, where autophagy features were reported while apoptosis was blocked (8, 10, 19, 33) . Conversely, the inhibition of autophagy by Wortmannin promoted post-mitochondrial caspase activation and the subsequent cleavage of PARP (Fig. 5A-D) . Taken together, these results confirm the assumption that apoptosis and autophagy were concurrently processed following PDT (7) .
The complexity in the schedule of caspase activation and autophagy induction was revealed at the conditions of a strong PDT insult (LD ≥90%). It has been suggested by Kessel et al (34) that a high PDT-dose (LD 90 ) can damage proteins involved in the autophagic process and thus are unable to promote autophagy, contrary to a low dose leading to 5% of cell death that rapidly induced an autophagic response. With time, cells that escape the rapid apoptotic death induced by high PDT-dose may recover the ability to develop autophagy (34). Reiners and co-workers (9) have evidenced that at the higher-light dose, caspase activation preceded autophagosome formation, whereas at the lower-light dose procaspase activation paralleled autophagosome formation. Fig. 3 depicted an immediate release of cyt C followed by caspase-9 and -7 activation at 1 h post-PDT presuming early mitochondrial photodamage probably due to the non-negligible part of mTHPC extracted from this organelle (21) . The loss of mitochondria cyt C correlates with a previously observed accumulation of cytosolic cyt C upon mTHPC-PDT treatment of MCF-7 cells (21) . With increase in post-PDT incubation, the cyt C release and caspase-9 activation declined. On the contrary, the cleavage of caspase-7 was maintained (Fig. 3) . These events correlated with an induction of ER oxidative stress evidenced by an increase in the expression of GRP78. Weak mitochondrial damage along with significant caspase-7 activation at the time of GRP78 induction has been described (21) . These observations support the assumption of a strong relationship between GRP78 and caspase-7 (35, 36) . The occurrence of LC3-II expression at the time corresponding to GRP78 induction suggests that photo-induced autophagy could be related to ER stress. However, additional experiments with siRNA to inhibit GRP78 are warranted before the final conclusion can be drawn. Photodamage to the ER produced by PDT was argued as a main causal event in the induction of autophagy (7, 34) and recently, autophagy has been shown to require the unfolded protein response (UPR) signalling pathway regulated by GRP78 (37, 38) . Several recent studies have outlined the capability of ER stress to engage both the apoptotic and the autophagy machineries (review in ref. 38) . In our cell model, since caspase-7 remained active and thus, could hamper autophagy induction, no clear relationship could be established between the induction of GRP78 and the increase in LC3-II expression. However, Reiners et al reported that apoptosis-defective cells exhibit enhanced autophagic responses and sensitivity to killing in PDT protocols employing ER and mitochondrial photosensitizers (9) . The treatment with protease inhibitors did not change LC3-II expression (data not shown), suggesting that mTHPC-PDT blocks LC3-II degradation and therefore inhibits the later steps of the autophagic pathway. This observation is consistent with mTHPC-PDT treatment of another cell line (20) .
As expected, the use of Z-VAD-FMK resulted in a complete inhibition of both caspases-9 and -7 but also in modifications of LC3 expression (Fig. 4A-C) . Partial restoration of LC3-I expression, accumulation of LC3-II in control cells and decrease in LC3-II conversion at the highest PDT-dose (Fig. 4C) suggested that Z-VAD-FMK, being a protease inhibitor, could interact with the autophagic process by blocking the LC3-II degradation causing an accumulation of late autophagic vacuoles (39, 40) . In fact, Z-VAD was found to be a potent inhibitor of cathepsin B, although to a lesser extent than two known cathepsin inhibitors (E64d and pepstatin A) (39) . However, the non-influence of Z-VAD-FMK on cell toxicity (Fig. 4D ) confirmed earlier observations of the suppression of apoptosis whereas autophagy was preserved not protecting from cytotoxicity after PDT (19, 41) . According to our data on flow cytometry evaluation of Sub-G1 in caspase-3 deficient MCF-7 cells, apoptotic cell death does not exceed 10-15%. At the same time, the autophagy inhibition by Wortmannin decreased photocytotoxicity (Fig. 5E ) with a simultaneous enhancement of caspases-9 and -7 activation and the subsequent cleavage of PARP (Fig. 5B-D) . A significant decrease in toxicity in the presence of a specific autophagy inhibitor shows a valuable contribution of autophagy to cell phototoxicity in mTHPCphotosensitized MCF-7 cells, although the post-mitochondrial apoptotic pathway is active. If caspase-7 correlates to apoptosis, then the decrease in photoinduced cell toxicity in the presence of Wortmannin at the observed increased activities of caspase -7 is unexpected. However, one should keep in mind that mTHPC is a strong photo-inducer of necrosis (30) with a minor contribution of apoptosis and as such the inhibition of this process does not contribute significantly to cell phototoxicity. It has been suggested that autophagy plays a prodeath role in PDT-mediated killing in apoptosis-defective cells (7, 9) , or in cells exhibiting a slow apoptotic response (6, 42) .
